This investigation describes the synthesis and formation of the second phase of high-density arrays of vertically aligned ZnO:Ga nanowires on ZnO/glass substrates at 600°C. As the concentration of the Ga is increased, the nanowire became shorter without any change in its diameter. The formation of the second phase, ZnGa 2 O 4 ͑JCPDS no. 38-1240͒, was verified by X-ray diffraction and high-resolution lattice imagery, even though the concentration of the Ga was only 3.5 atom %. ZnO has attracted significant attention because it is an n-type semiconductor with a large exciton binding energy of 60 meV and a wide bandgap energy of 3.37 eV at room temperature. These properties make ZnO a potentially useful photonic material, particularly in the blue and UV regions.
ZnO has attracted significant attention because it is an n-type semiconductor with a large exciton binding energy of 60 meV and a wide bandgap energy of 3.37 eV at room temperature. These properties make ZnO a potentially useful photonic material, particularly in the blue and UV regions.
1,2 ZnO's electrical, optoelectronic, and photochemical properties 3 also have various applications, such as room-temperature UV laser emission. 4 One-dimensional ͑1D͒ nanomaterials have also attracted much interest due to their potential applications in nanoelectronics and optoelectronics. 5 Recently, field emission from ZnO nanowires has also been reported. 6 ZnO nanowires can be synthesized using various methods, such as chemical vapor deposition ͑CVD͒, 7 template-assisted growth, 8 solution-base synthesis, 9 catalyst-driven molecular beam epitaxy, 10 metallorganic vapor phase epitaxy ͑MOVPE͒, 11 metallorganic chemical vapor deposition ͑MOCVD͒, 12 and vapor-liquid-solid ͑VLS͒ 13 and vapor phase transport methods. 14, 15 For practical device applications, proper dopants must be introduced into the 1D nanowires. 16, 17 Previous studies have indicated that impurities can be selectively doped into InP nanowires by pulse laser deposition ͑PLD͒ to produce nanoscale p-n junctions. 18 Investigations have also demonstrated that the work function can be reduced, thus enhancing field emission, by doping boron into carbon nanotubes. 19 Doping can also improve the electrical conductivity and change the optical properties of 1D nanowires. [20] [21] [22] [23] Conversely, selection-appropriate substrate materials is also an important issue. Glass is an ideal substrate material for optoelectronic applications because it is transparent and inexpensive. Glass substrates with extremely large areas are also commercially available. Very recently, the authors reported the growth of Al-doped ZnO nanowires on glass substrates.
14 In this investigation, high-density vertical ZnO nanowires that contain Ga were prepared on glass substrates by reactive evaporation without a catalyst. Rather than being doped into ZnO, Ga preferentially reacted with Zn and O to form ZnGa 2 O 4 , even though the concentration of Ga was only approximately 3.5 atom %. The physical, optical, and electrical characteristics of the ZnO/Ga nanowire system are also discussed.
Experimental
Prior to the deposition of ZnO nanowires, a 50-nm-thick ZnO film was deposited directly on glass substrates using radio frequency ͑rf͒ sputtering. X-ray diffraction ͑XRD͒ measurements indicated that the sputtered ZnO film was preferred oriented at ͓002͔ direction. The nanowires were then prepared by reactive evaporation onto the sputtered ZnO film. The evaporation process was performed in a quartz tube located in a horizontal tube furnace. The diameter and length of the quartz tube were 5 and 70 cm, respectively. Zinc metal powder with 99.9% purity was used as the Zn source, while the Ga source was 99.99% pure Ga powder. Before growth, the Zn and Ga powders were mixed together by grinding. In this investigation, Zn/Ga mixtures with three ratios-0.3:0.025 g ͑sample A͒, 0.3g:0.05 g ͑sample B͒, and 0.3:0.1 g ͑sample C͒-were prepared. The sputtered-ZnO/glass substrate and the Zn/Ga mixture powder were then placed on an alumina boat, which was inserted into the quartz tube. Constant streams of argon ͑54.4 sccm͒ and oxygen ͑0.8 sccm͒ gases were then introduced into the furnace. Significantly, the positions of the sputtered-ZnO/glass substrate, Zn/Ga vapor source, and alumina boat were carefully controlled to be located at the same horizontal level and heated at the same temperature. A mechanical pump was then employed to evacuate the system, and a programmable temperature controller was used to precisely control the furnace temperature with an accuracy of ±1°C. During the growth of nanowires, the quartz tube pressure, growth temperature, and growth time were maintained at 10 Torr, 600°C, and 60 min, respectively. For comparison, pure ZnO nanowires without any Ga were also prepared under exactly the same conditions.
A MAC MXP18 X-ray diffractometer and a JEOL JEM-2100F high-resolution transmission electron microscope ͑HRTEM͒, operated at 200 kV, were then applied to characterize the crystallography and structure of the as-grown nanowires. The surface morphologies of the samples and the size distribution of the nanowires were characterized using a JEOL JSM-6500F field-emission scanning electron z E-mail: EugeneChen@itri.org.tw microscope ͑FESEM͒ operated at 5 keV. Photoluminescence ͑PL͒ properties of the as-grown ZnO nanowires were also characterized by a Jobin Yvon-Spex fluorolog-3 spectrophotometer. A Xe lamp emitting at 254 nm was applied as the excitation source during PL measurements. A four-probe technique on a Cary HL 5500 ͑Bio-rad Microscience, Ltd., Hertfordshire, England͒ Hall effect measurement system was then used to characterize the electrical properties of the samples. As shown in Fig. 1 , an indium circular film was applied to position the probe onto the tips of the prepared ZnO/Ga nanowires.
Results and Discussion
Figure 2a-c presents cross-sectional FESEM images with a 15°t ilt angle and plane-view ͑inserted͒ images of samples A, B, and C grown on ZnO/glass substrates, respectively. These images clearly reveal that high-density nanowires were grown uniformly in all samples. Figure 2 also demonstrates that the lengths of the nanowires decline as the Ga content in the source increases, but the changes in the diameters ͑around 50-100 nm͒ and the densities of nanowires are not obvious. Figure 3 depicts the energy-dispersive X-ray ͑EDX͒ spectrum of these three samples, which shows that these nanowires consist of Zn, O, and Ga. Small Au and Pt signals were observed in this spectrum, corresponding to the Au/Pt coating during the formation of the SEM samples. The Si signal originates from the glass substrates. The Ga content of the nanowires can also be estimated from the intensity ratios among the Zn, O, and Ga peaks. The Ga contents of samples B and C are 3.5 and 15 atom %, respectively. The Ga signal from sample A is absent. Figure 4 depicts an XRD /2 scan spectra of the three samples used in this investigation. The XRD spectrum of the pure ZnO nano- 
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Journal of The Electrochemical Society, 153 ͑4͒ G333-G336 ͑2006͒ G334 wires revealed that the ZnO nanowires were preferred oriented in the c axis direction. For the two Ga-contained nanowires, ZnGa 2 O 4 ͑111͒, ͑222͒, ͑511͒, and ͑444͒ peaks were also observed, and the intensities of these peaks rose as the Ga composition ratio increased. Figures 3 and 4 indicate that the Ga could not easily be doped into the ZnO nanowire and preferentially reacted with Zn and O to form ZnGa 2 O 4 . ZnGa 2 O 4 with a normal spinel structure is known to be a highly efficient phosphor, and has been extensively used in vacuum fluorescent display ͑VFD͒, thin-film electroluminescent ͑TFEL͒ devices, and field emission displays ͑FEDs͒. A small amount of ZnGa 2 O 4 clearly changed the properties, as the following experimental results illustrate. Figure 5 displays room-temperature PL spectra of the samples, clearly indicating that the PL spectrum of pure ZnO nanowires exhibits a strong peak at approximately 379 nm with a sharp full width at half maximum ͑fwhm͒ of 14 nm. The strong and broad PL peak observed from 15% Ga-contained nanowires thus probably originated from the self-activated ZnGa 2 O 4 . [24] [25] [26] Recently 2 S/cm were measured from the 15 atom % Ga-containing nanowire. The mobility increased to a maximum and then decreased again as the Ga content continued to increase.
Conclusions
This investigation reports the influence of the formation of the second phase in the ZnO/Ga nanowire. Rather than being doped into the ZnO, the Ga preferentially reacted with Zn and O to form ZnGa 2 O 4 . A small amount of ZnGa 2 O 4 phosphor markedly changed the PL and electric properties. The high intensity of the blue-white PL spectrum and the high conductivity of 15 atom % may be useful in the fields of FED, VFD, and TFEL. 
